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LASER WITH TILTED MULTI SPATIAL 
MODE RESONATOR TUNING ELEMENT 

RELATED APPLICATIONS 

This application claims the bene?t under 35 USC l 19(e) of 
Provisional application No. 60/665,716, ?led Mar. 28, 2005, 
Which is incorporated herein by reference in its entirety. 

BACKGROUND OF THE INVENTION 

Temperature tuning is one of the mo st common approaches 
for controlling the Wavelength of semiconductors lasers. This 
is a relatively simple technique to implement since the semi 
conductor laser chips are often mounted on thermoelectric 
coolers. By varying the drive current to a chip’s cooler in 
response to a thermistor signal, for example, the output Wave 
length from the semiconductor laser chip can be stabilized or 
modulated. 

The problem With temperature tuning is its range limita 
tions. The lasers can usually only be tuned over a relatively 
small range of a feW nanometers. As a result, temperature 
tuning ?nds limited application to telecommunications sys 
tems or spectroscopy applications in Which only a small spec 
tral band is to be accessed. 
When Wider tuning ranges are required, external cavity 

laser (ECL) con?gurations are more common. Semiconduc 
tor ECL systems usually combine a semiconductor gain chip 
and an external tuning element that provides Wavelength 
selective feedback into the semiconductor chip. 
Most commonly the semiconductor gain chip used in these 

ECLs is an edge emitting semiconductor optical ampli?er 
(SOA). Either re?ective SOAs, in Which one of the facets is 
coated for re?ectivity, or more conventional SOAs, in Which 
both facets of the SOA are antire?ection (AR) coated, can be 
used. These coatings prevent the chip from lasing on its oWn 
facet’s feedback, alloWing for the creation of the external 
cavity con?guration in Which the spectral makeup of the 
feedback is controlled by the tuning element. 

There are a large variety of ECL cavity con?gurations. In 
some examples, the tuning element is located in the middle of 
the cavity betWeen the re?ectors that de?ne the laser cavity. In 
other examples, the tuning element is located at one end of the 
cavity, functioning as both a laser cavity mirror and tuning 
element. 
US. Pat. No. 6,345,059, entitled, “Short Cavity Tunable 

Laser With Mode Position Compensation,” and US. Pat. No. 
6,339,603, entitled, “Tunable Laser With Polarization Aniso 
tropic Ampli?er for Fabry-Perot Filter Re?ection Isolation” 
illustrate ECLs using a Fabry-Perot ?lter tuning element that 
is located in the middle of the laser cavity. 

The location of the Fabry-Perot tuning element in the 
middle of the cavity can render these ECL designs someWhat 
complex to manufacture. Isolation is required on either side 
of the Fabry-Perot tunable ?lter. This isolation ensures that 
the laser functions in response to the transmission ?lter func 
tion of the Fabry-Perot tunable ?lter, rather than its broadband 
or notch ?lter function re?ection. The transmission of a 
Fabry-Perot tunable ?lter spectrally appears as anAiry func 
tion With a series of spectrally separated LorentZian pass 
bands, Which are separated by the free spectral range of the 
?lter. Generally, the laser gain chip locks onto one of these 
passbands to thereby de?ne the Wavelength of the ECL. The 
isolation is important because, in re?ection, the Fabry-Perot 
tunable ?lter appears as a notch ?lter, providing very broad 
band re?ection except for the relatively narroW band that is 
transmitted. 
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2 
On the other hand, Fabry-Perot tuning elements have some 

advantages. They can be manufactured using robust micro 
electro-mechanical system (MEMS) technologies. More 
over, these ECL cavity con?gurations can provide relatively 
broad tuning ranges, only limited by the chip gain bandWidth 
and the effective bandWidth of the isolation elements. 

Isolation for intracavity Fabry-Perot tuning elements, at 
least those using ?at-?at mirrors, can be achieved With sim 
pler con?gurations. An article by P. Zorabedian, et al. in 
Optics Letters,Vol. 13, No. 10, October 1988, entitled, “Inter 
ference-Filter-Tuned, Alignment-Stabilized, Semiconductor 
Extemal-Cavity Laser,” discloses a semiconductor ECL 
using an interference or resonant etalon ?lter. The ?lter is 
angled relative to the optical axis of the ECL cavity. As a 
result, light is re?ected at an angle to the laser cavity’s optical 
axis by the interference ?lter and is therefore not coupled 
back into the semiconductor gain medium; this angling 
avoids the need for discrete intracavity isolation elements. In 
contrast, light that is transmitted through the interference 
?lter, being on resonance, oscillates Within the laser cavity 
and is therefore ampli?ed by the chip gain medium. 
A similar system Was disclosed in US. Pat. No. 4,504,950 

to AuYeung. There, a gap Was used to form an intra-cavity 
etalon to create, in combination With a laser diode, an external 
cavity laser con?guration. A micro-electrical and mechanical 
translator Was used to tune this gap and thereby control the 
Wavelength of the output. The gap Was angled relative to the 
laser cavity in order to ensure that the laser diode locked on 
the resonant feedback transmission from the etalon and not 
the off-resonance light. 
The lasers described in US. Pat. No. 4,504,950 and the 

Zorabedian article use resonant ?lters that are constructed 
from tWo ?at mirrors. Such resonant ?lters support a con 
tinuum of plane Wave spatial modes. Thus, these ?lters can be 
angled tuned as in the Zorabedian article by changing the 
angle the modal plane Wave makes With the optical axis of the 
resonator. Or, they can be tuned by varying the optical gap, as 
disclosed in US. Pat. No. 4,504,950. In either case, the ?at 
?at resonator cavities avoid problems stemming from higher 
order spatial modes from the ?lters affecting the ?lter trans 
mission characteristics. The angle isolation strategy, usable 
With these ?at-?at mirror ?lters, provides a much simpler 
cavity design and therefore eases the manufacturing chal 
lenges over systems as described in US. Pat. Nos. 6,345,059 
and 6,339,603. 
The isolation problems characteristic of these Fabry-Perot 

based ECLs are not encountered in some other ECL con?gu 
rations. Another class of ECLs uses grating or holographic 
tuning elements. Here, the most common ECL con?gurations 
are termed Littman-Metcalf and LittroW. In the LittroW 
design, the emission from a gain element, such as a laser 
diode or re?ective SOA, is directed to a grating. A portion of 
the light from the grating is re?ected to provide narroW band 
feedback into the SOA through its AR coated facet, Whereas 
another portion of the beam graZes off of the grating to form 
the output beam. The spatial distribution of the spectrum by 
the grating presents only narroW band feedback into the semi 
conductor chip. In the Littman-Metcalf con?guration, the 
output through AR coated facet of a re?ective SOA facet is 
directed to a grating. A portion of the light graZes to form the 
output beam. Another portion is re?ected toWard a turning 
mirror that then retro -re?ects the light to the grating and back 
into the SOA through the AR coated front facet. Tuning in the 
LittroW con?guration is performed by mechanically rotating 
the grating, Which changes its effective pitch. This tuning, 
hoWever, also changes the position of the output beam. In 
contrast, in the Littman-Metcalf con?guration, the rotating 
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mirror varies the effective grating pitch and tunes the laser. 
There is little movement in the output beam since the grating 
is usually not moved, however. 

These grating based ECLs are commercially available. 
Most recently, relatively compact semiconductor laser sys 
tems With MEMS grating tuning have been developed and 
commercialiZed. 
A further class of ECLs is based on coupled cavity con 

?gurations. One example is shoWn in WIPO Publication No. 
WO 95/ 13638, in Which a resonant ?lter is formed betWeen a 
back facet of a laser chip and a MEMS, electrostatically 
driven re?ecting element. By changing the siZe of this rear 
cavity, it is suggested that the output of the laser is tuned. A 
similar system is disclosed in a paper entitled, “Coupled 
Cavity Laser Diode With Micromachined External Mirror,” 
by Yuji Uenishi from NTT Interdisciplinary Research Labo 
ratories in Tokyo, Japan, in IEEE/LEOS 1996 Summer Topi 
cal Meetings: Optical MEMS and Their Applications, Key 
stone CO, pp. 33-34, 1996. 

SUMMARY OF THE INVENTION 

Present invention concerns ECLs that use resonant, pref 
erably mirror-based, tunable ?lters, such as Fabry Perot tun 
able ?lters or Gires-Toumois interferometers. 
A tilt scheme is employed in order to control the spectral 

re?ection characteristics of the ?lter and to provide light 
feedback from the ?lter into the laser cavity, With the ?lter 
being used as a laser cavity mirror in some con?gurations. 
A mirror-based resonant tunable ?lter is selected in Which 

the spectral response in re?ection has an angular dependence. 
One example of such a ?lter is a Fabry-Perot ?lter comprising 
at least one curved mirror such that it supports higher order 
con?ned spatial modes. In such a device, ?lter angle relative 
to the laser cavity optical axis determines ?lter function shape 
of the retrore?ected light, and ?lter’ s resonator cavity length 
primarily determines the center Wavelength of ?lter function. 
Thus, by selecting an appropriate angle betWeen the ?lter’s 
nominal optical axis and the cavity’s optical axis, the laser 
gain medium can be caused to lock onto a narroWband spec 
tral re?ection peak that is fed back to the gain medium. 
Speci?cally, by using a resonant ?lter that supports multiple 
spatial modes, the ?lter can be angled relative to the laser 
cavity axis such that the spectral response of the retro-re 
?ected light is a narroWband peak. The laser emission Wave 
length is then set by tuning the spectral position of this peak, 
Which is controlled by adjusting the ?lter cavity length, for 
example. 

In general, according to one aspect, the invention features 
a tunable semiconductor external cavity laser. The laser com 
prises a semiconductor gain medium for amplifying light 
Within a laser cavity. A resonant tunable ?lter, having an 
angular dependent spectral response, is used to provide feed 
back into the cavity. The tunable ?lter is angled relative to the 
laser cavity optical axis in order to provide narroWband 
re?ection to the laser. Tuning the re?ective resonant ?lter 
tunes the light output Wavelength of the laser cavity. 

In the preferred embodiment, the semiconductor gain 
medium comprises an edge-emitting gain chip such as a semi 
conductor optical ampli?er. This can be a re?ective SOA or a 
SOA that has AR coatings on both facets. 

In other implementations, hoWever, a vertical cavity sur 
face emitting laser (VCSEL) device can be used, hoWever. 

In the current embodiment, the resonant re?ective tunable 
?lter forms one end of the laser cavity, such that the ?lter 
functions as the laser’s partially re?ective output mirror 
through Which the output light is taken. The resonant tunable 

5 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

4 
?lter supports multiple transverse spatial modes, While the 
semiconductor gain chip typically supports only the funda 
mental spatial mode. Feedback into the laser cavity is pro 
vided at least partially by at least one higher order spatial 
mode of the ?lter. In some examples, a long laser cavity is 
used such as one provided by a length of optical ?ber. Laser 
output is typically provided or launched into a single mode 
optical ?ber or a polarization maintaining optical ?ber. 

In general, according to another aspect, the invention fea 
tures a tunable semiconductor external cavity laser. This com 
prises a semiconductor gain medium for amplifying light 
Within a laser cavity. A resonant tunable ?lter supports mul 
tiple spatial modes to create an angular dependent spectral 
re?ection response. The ?lter is angularly positioned to pro 
vide spectrally narroWband feedback into the laser cavity. 

In general, according to another aspect, the invention 
relates to a method for con?guring an optical system. This 
method comprises arranging a resonant tunable ?lter, sup 
porting multiple spatial modes, to provide a narroWband 
spectral re?ection response to another optical component and 
tuning an optical siZe of a cavity of the resonant tunable ?lter 
in order to control a center Wavelength of the narroWband 
spectral re?ection response provided to the optical compo 
nent. 

In this Way, the resonant ?lter can be used in optical sys 
tems in place of the conventional grating. 

In general, according to another aspect, the invention 
relates to a spectroscopy method. This method comprises 
amplifying light Within a laser cavity and coupling the light to 
a resonant tunable ?lter having an angular dependent spectral 
re?ection response. This ?lter is tuned to generate a tunable 
signal from the laser cavity, Which signal is applied to an 
article of interest. By detecting light returning from the article 
of interest, a spectroscopic response of the article is resolved. 
In this Way, the inventive system can be applied to spectros 
copy systems and applications. 
The above and other features of the invention including 

various novel details of construction and combinations of 
parts, and other advantages, Will noW be more particularly 
described With reference to the accompanying draWings and 
pointed out in the claims. It Will be understood that the par 
ticular method and device embodying the invention are 
shoWn by Way of illustration and not as a limitation of the 
invention. The principles and features of this invention may 
be employed in various and numerous embodiments Without 
departing from the scope of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

In the accompanying draWings, reference characters refer 
to the same parts throughout the different vieWs. The draW 
ings are not necessarily to scale; emphasis has instead been 
placed upon illustrating the principles of the invention. Of the 
draWings: 

FIG. 1 is a schematic block diagram illustrating an external 
cavity laser according to the present invention; 

FIG. 1-A is a plot of ?lter re?ectivity, in retrore?ection, as 
function of Wavelength or frequency (both arbitrary units) for 
the resonant ?lter 200; 

FIG. 2 is a side plan cross-sectional vieW illustrating the 
positioning of a tunable resonant ?lter to provide retrore?ec 
tive feedback into the laser cavity according to the present 
invention; 

FIGS. 3A through 3C are plots of ?lter transmission, in 
decibels (dB), as a function of frequency detuning, in units of 
mode bandWidth full Width half maximum (FWHM), illus 
trating the transmission for several different beam angles of 
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incidence, the different ?gures illustrating ?lter transmission 
for different degrees of ?lter mirror asymmetry; 

FIGS. 4A through 4C are plots of ?lter back re?ection, in 
decibels (dB), as a function of frequency detuning FWHM, 
illustrating the back re?ected, or retrore?ected, signal for 
various beam angles of incidence relative to the nominal 
optical axis of the resonant ?lter, the different ?gures illus 
trating ?lter retrore?ection for different degrees of ?lter mir 
ror asymmetry; 

FIG. 5 is a plot of measured ?lter retro-re?ection, in deci 
bels (dB), as a function of Wavelength, for various beam 
angles of incidence relative to the nominal optical axis of the 
resonant ?lter; 

FIGS. 6A through 6F illustrate the loWest order mode 
(TEM (0,0)) Hermite-Gaussian mode, FIG. 6A, and the 
higher order modes, FIG. 6B though FIG. 6F, shoWing the 
various transverse spatial modes that can be supported by a 
resonant ?lter using a curved-curved or curved-?at cavity 
con?guration such that these higher order modes are no 
longer degenerate in contrast to a ?at-?at cavity; 

FIG. 7 illustrates an external cavity laser according to 
another embodiment of the present invention; 

FIG. 8 illustrates an external cavity laser according to still 
another embodiment of the present invention; 

FIG. 9 is a plot of beam non-resonant retro-re?ection loss, 
in dB, as a function of tilt angle or angle betWeen the nominal 
axis of the resonant ?lter and the optical axis of the laser 
cavity, in degrees, shoWing the loss as the tilt angle is 
increased from Zero to tWo degrees; 

FIGS. 10-14 are schematic vieWs of other embodiments of 
the inventive tunable laser; and 

FIG. 15 shoWs superimposed measured multiple spectra of 
the inventive tunable laser as it Was tuned over 300 nanometer 

(nm) Wavelength tuning range. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

A number of different types of resonant optical ?lters exist. 
Generally, they all comprise tWo or more mirrors or a ring 
Waveguide structure de?ning one or more resonant cavities. 

Probably the most common example is the Fabry-Perot 
resonant ?lter or interferometer. A Fabry-Perot resonator is 
typically a linear resonator or cavity, Which usually has highly 
re?ecting end mirrors. The end mirrors are often plane but 
also can be curved, typically With spherical curvature. The 
Fabry-Perot resonator is often made short enough to achieve 
a su?iciently large free spectral range; the bandWidth of the 
resonances is then the free spectral range divided by the 
resonator ?nesse. The resonance frequencies are often tuned 
via cavity length changes. 

Gires-Tournois interferometers (GTI) are another example 
of resonant ?lters. See, F. Gires, and P. Tournois, “Interfer 
ometre utilisable pour la compression d’impulsions 
lumineuses modulees en frequence”, CR. Acad. Sci. Paris 
258, 6112-6115 (1964). A Gires-Toumois interferometer is 
an optical standing-Wave cavity designed to generate disper 
sion. The front mirror is partially re?ective, While the back 
mirror has a high re?ectivity approaching unity re?ectivity. If 
no losses occur in the cavity, the poWer re?ectivity is unity at 
all Wavelengths, but the phase of the re?ected light is fre 
quency-dependent due to the cavity effect, causing group 
delay dispersion. Moreover, if the cavity supports multiple 
spatial modes, then the re?ected spectral response Will have 
an angular dependence. 
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6 
Still a further example, Which may not require mirrors, is 

the ring resonator. These devices can be constructed from 
multimode ?ber or Waveguide rings and couplers. 

FIG. 1 shoWs an external cavity resonate ?lter laser 100 
that has been constructed according to the principles of the 
present invention. 

Generally, the laser 100 comprises a gain medium 110. 
This gain medium 110 can be a solid state laser medium, 

such as NdzYAG, Ti: sapphire, alexandrite, rare-earth (e. g., Er, 
Tm) doped bulk glass, Waveguide, or optical ?ber, or a dye 
cell for example. These gain media can be diode or ?ashlamp 
pumped. 

HoWever, in the preferred embodiment, the gain medium 
110 is a semiconductor gain medium. Common material sys 
tems are based on III-V semiconductor materials, including 
binary materials, such as GaN, GaAs, InP, GaSb, InAs, as 
Well as ternary, quaternary, and pentenary alloys, such as 
InGaN, InAlGaN, InGaP, AlGaAs, InGaAs, GaInNAs, GaIn 
NAsSb, AlInGaAs, InGaAsP, AlGaAsSb, AlGaInAsSb, 
AlAsSb, InGaSb, InAsSb, and InGaAsSb, operating any 
Where over the 400 nanometer (run) to 2000 nm and longer 
Wavelength ranges extending into multiple micrometer Wave 
lengths. Semiconductor quantum Well gain regions are typi 
cally used to obtain especially Wide gain bandWidth that 
alloWs ultra Wide laser Wavelength tuning. The chip gain 
medium is con?gured as a semiconductor optical ampli?er. 
Edge-emitting or VCSEL chips are used in different imple 
mentations. 
The semiconductor gain medium 110 provides gain Within 

a laser cavity 112 extending betWeen mirror-1 114 and mir 
ror-2, Which in this embodiment is the tunable re?ective 
resonant optical ?lter 200. 
The tunable re?ective optical ?lter 200 provides a ?lter 

re?ectivity that is illustrated in FIG. 1-A. Speci?cally, it pro 
vides narroWband feedback 211 into the ?lter cavity 112 and 
thus the semiconductor gain chip 110 in order to set the 
frequency of the external cavity laser 100. Typically the band 
Width of the feedback is less then 10 nm Wide(FWHM). More 
often, it is less than 5 nm Wide, and preferably about 2-3 nm 
or less, FWHM. 

In the illustrated embodiment, light output from the laser 
cavity 112 is provided through mirror-1 114, see reference 
numeral 116, or the tunable re?ective resonant optical ?lter 
light 200, see reference numeral 118. In other embodiments, 
the output is taken from Within the cavity such as by a fold 
mirror or other tap. The advantage of taking the output 
through mirror-1 is higher poWer since coupling loss into the 
?lter 200 is minimiZed. Taking the output through mirror-2/ 
tunable ?lter 200 has the advantage of minimiZing or sup 
pressing broadband optical noise due to ampli?ed spontane 
ous emission (ASE) from the chip 110. 

FIG. 2 illustrates a preferred embodiment of the tunable 
re?ective resonant optical ?lter 200 and its positioning rela 
tive to the laser cavity optical axis 120. 

In one embodiment, the resonant ?lter 200 is manufactured 
as described in US. Pat. Nos. 6,608,711 or 6,373,632, Which 
are incorporated herein by this reference. 

This tunable re?ective resonant optical ?lter 200 Would 
typically be referred to as a Fabry-Perot resonant ?lter or a 
GTI. In the current embodiment, a curved ?at resonator struc 
ture is used. Thus, the resonant optical ?lter 200 comprises a 
generally ?at mirror 210 and an opposed curved mirror 212, 
de?ning a ?lter optical cavity 215, the optical length of Which 
able to be modulated. 

In general, re?ectivities R1 and R2 of the tWo ?lter constitu 
ent mirrors 210 and 212, respectively are substantially the 
same or different, by design. We de?ne mirror asymmetry of 
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the resonant ?lter by the ratio TWITZ/ T1 of the transmissions 
of the tWo mirrors, Where TlIl-Rl and T2I1-R2. Mirror 
re?ectivity product R1*R2 determines ?lter ?nesse, While 
?lter mode bandwidth is given by the ratio of the ?lter free 
spectral range and ?lter ?nesse. Filter free spectral range is in 
turn determined by the optical length of the ?lter cavity. 

The optical axis 220 of the resonant ?lter 200, de?ned as 
radial to curved mirror 212 and orthogonal to ?at mirror 210, 
is angled relative to the optical axis 120 of the laser cavity 
1 12. In the illustrated example, the angle betWeen the nominal 
axis of the resonant ?lter 120 and the optical axis of the laser 
cavity or incident beam is 0. 
By angling the resonant ?lter 200 andbecause this resonant 

?lter 200 supports higher order spatial nodes, the re?ection 
from the tunable ?lter 200 into the laser cavity 112 can be 
adjusted in order to provide a narroW band spectral re?ection 
peak, instead of the spectral re?ection notch typically asso 
ciated With Fabry-Perot tunable ?lters. Optical frequency, or 
Wavelength, of this spectral re?ection peak can be tuned by 
varying the mirror gap of the Fabry-Perot or GT1 structure. 

FIG. 3A illustrates hoW the calculated ?lter transmission 
changes as a function of frequency or Wavelength, for differ 
ent resonant ?lter tilt angles 0. In this illustrated example, the 
input Gaussian beam diameter is 40 micrometers in both the 
x and y axes, the ?lter mode diameter is 32.5 micrometers, the 
radius of curvature of the curved (membrane) mirror 212 is 
100.0 millimeters and the length of the cavity 215 of the 
resonant ?lter 200 is 2.5 micrometers. There is no asymmetry 
in the re?ectivity of the mirrors 210, 212 (i.e., TWITZ/ 
T1:1.0), re?ectivity of mirror 210 is R1:0.9937 and re?ec 
tivity of mirror 212 is R2:0.9937. As the angle 0 of the ?lter 
changes in this multispatial mode resonant ?lter, the trans 
mission changes. 

FIG. 4A is a calculated plot of back re?ection, speci?cally 
retro-re?ection back into the incident Gaussian beam mode, 
as a function of frequency and is more relevant to its func 
tioning in the laser cavity 112 such as in FIG. 1. 
As the angle 0 increases from about 0 degrees to 1.75 

degrees, the back re?ection evolves from the expected notch 
?lter characteristic into a narroW band re?ection With 
approximately 14 decibels (dB) isolation betWeen the pass 
band peak and the broadband feedback. Thus, in the pre 
ferred, current embodiment, angle 0 is approximately 
betWeen 0.75 and 3.0 degrees, preferably betWeen 1.25 and 
2.0 degrees. 

FIG. 3B illustrates hoW the calculated ?lter transmission 
changes as a function of frequency or Wavelength, for differ 
ent resonant ?lter tilt angles 0, for an asymmetric resonant 
?lter in Which Tmt:T2/T1.:0.20, With the other parameters 
unchanged. Here mirror T1 is facing the incident beam and 
mirror T2 is further aWay from the incident beam. Speci? 
cally, there is asymmetry in the re?ectivity of the mirrors 210, 
212, re?ectivity of mirror 210, R1:0.9895 and re?ectivity of 
mirror 212, R2:0.9979. As the angle 0 of the ?lter changes in 
this multispatial mode resonant ?lter, the transmission 
changes. 

Generally, in these unbalanced resonator con?gurations, 
Tm. is usually less than 1.0, typically betWeen 0.1 and 0.5, 
and can be less than 0.1 in some embodiments. 

FIG. 4B is a plot of calculated back re?ection, speci?cally 
retro-re?ection back into the incident fundamental Gaussian 
beam mode, as a function of frequency for mirror asymmetry 
of Tmt:0.20 and is relevant to its functioning in the laser 
cavity 112 such as in FIG. 1. 
As the angle 0 increases from about 0 degrees to 1.75 

degrees, the back re?ection evolves from the noW Weak notch 
?lter characteristic into a narroW band re?ection With 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

8 
approximately 18 decibels (dB) isolation betWeen the pass 
band peak and the broadband feedback. Thus, in the pre 
ferred, current embodiment, angle 0 is approximately 
betWeen 0.75 and 3.0 degrees, preferably betWeen 1.25 and 
2.0 degrees. The product of mirror re?ectivities R1*R2 in 
FIG. 4B is the same as in FIG. 4A, Where for FIG. 4B re?ec 
tivity R1 Was decreased and R2 increased relative to those in 
FIG. 4A. Thus the resulting ?lter retrore?ection bandWidth is 
the same in FIGS. 4A and B, While the peak ?lter retrore?ec 
tion magnitude has increased by 4 dB. Speci?cally, for the 
?lter asymmetry of Tm f1 .0 in FIG. 4A the peak re?ectivity at 
1.750 angle is —9 dB, Whereas for the ?lter asymmetry of 
Tmt:0.2 in FIG. 4B the peak re?ectivity at 1.750 angle is —5 
dB. This signi?cant increase of peak retrore?ection is very 
bene?cial for external cavity laser con?guration, as it 
decreases the laser threshold and increases the laser tuning 
range. There is a corresponding decrease of ?lter transmis 
sion at the retrore?ectionpeak Wavelength from —2.5 dB to —5 
dB, some of Which is due to increased retrore?ection and 
some due to light lost to the angled re?ection from the ?lter. 

FIG. 3C illustrates hoW the calculated ?lter transmission 
changes as a function of frequency or Wavelength, for differ 
ent resonant ?lter tilt angles 0, for a resonant ?lter in Which 
Tmt:T2/T1 :0.0001, With the other parameters unchanged. 
Speci?cally, there is asymmetry in the re?ectivity of the mir 
rors 210, 212, re?ectivity of mirror 210, R1:0.9875 and 
re?ectivity of mirror 212, R2~:1.000. As the angle 0 of the 
?lter changes in this multispatial mode resonant ?lter, the 
transmission changes. 

FIG. 4C is a plot of calculated back re?ection, speci?cally 
retro-re?ection back into the incident Gaussian beam mode, 
as a function of frequency for mirror asymmetry of 
T :0.0001 and is relevant to its functioning in the laser rat 

cavity 112 such as in FIG. 1. 

Mirror asymmetry Tmt:0.0001 in FIGS. 3C and 4C illus 
trates the Gires-Tournois interferometer con?guration, Where 
the external mirror re?ectivity approaches unity. The product 
of the tWo mirror re?ectivities R1*R2 here is the same as for 
FIGS. 3A,B and 4A,B; thus the ?lter retrore?ection spectral 
bandWidth is the same for the three ?lter asymmetries of 
T :10, 0.20, and 0.0001. rat 

At normal incidence 0:0 in FIG. 4C, the GTI re?ects 
essentially all the light With unity re?ectivity across the spec 
trum. As the angle 0 increases from about 0 degrees to 1.75 
degrees, the back re?ection evolves from the essentially ?at 
unity re?ectivity into a narroW band peak re?ection With 
approximately 16 decibels (dB) isolation betWeen the pass 
band peak and the broadband feedback. Thus, in the pre 
ferred, current embodiment, angle 0 is approximately 
betWeen 0.75 and 3.0 degrees, preferably betWeen 1.25 and 
2.0 degrees. Filter retrore?ection peak at 1.750 angle is even 
higher here at —4 dB, or at 40%, than for the asymmetry cases 
of Trail .0 and 0.20. HoWever, the ?lter transmission noW is 
very loW, as essentially all the light is noW either retrore?ected 
or re?ected at an angle. When such GT1 ?lter is used as an 
external cavity laser cavity mirror, the laser output has to be 
taken elseWhere in the cavity, for example from the other facet 
of the semiconductor gain chip or from an intracavity tap. 

FIG. 5 is a plot of measured ?lter retrore?ection back into 
the incident Gaussian beam as a function of Wavelength for 
several incident beam angles. The spectral notch observed in 
retrore?ection at Zero degrees incident angle becomes a spec 
tral peak When the incident angle is grater than approximately 
1.5 degrees. This agrees With the calculated retrore?ection 
spectra in FIG. 4A. 
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FIGS. 6A through 6F empirically illustrate Why the reso 
nant tunable ?lter 200 can function as a narrow band re?ector 

When it is angled relative to the optical axis 120 of the laser 
cavity 112. 

Generally, higher order transverse spatial modes are sup 
ported in a curved-?at or curved-curved resonator 200 and are 
excited due to the ?lter’s positioning in the cavity relative to 
the incident beam. Thus, in addition to the loWest order mode, 
TEM (0,0), illustrated in FIG. 6A, higher order modes such as 
illustrated in FIGS. 6B, TEM (1,0), FIG. 6C TEM (1,1), FIG. 
6D. TEM (2,0), FIG. 6E, TEM (2,1), and FIG. 6F. TEM (2,2) 
can be supported and excited in the resonant ?lter 200. These 
various higher order spatial modes have different resonant 
frequencies and thus different resonator transmission and 
re?ection coef?cients at the optical frequency of the incident 
light. These excited spatial modes then have amplitude and 
phase relationships relative to each other and the loWest order 
mode TEM (0,0), in re?ection. For input beam incidence 
angles near zero degrees, phasing of the transverse modes 
creates a notch in the retro-re?ected spectrum. The excited 
transverse mode relative amplitudes and phases depend on 
the input beam incidence angle 6 . By properly selecting the 
angle 6 to be greater than zero or about 0.5 to 3 degrees, 
narroW band retro-re?ection into the laser cavity can be cre 
ated. This narroW band spectral re?ection magnitude peak for 
certain beam incidence angles exists in these resonant re?ec 
tive ?lters such as both for the Fabry-Perot and the Gires 
Tournois interferometer (GTI) structures, even though at nor 
mal incidence the GTI is a phase-only re?ection ?lter With 
unity magnitude spectral re?ectivity. See for example FIG. 
4C. 

FIG. 7 illustrates another embodiment of the tunable ECL 
100 of the present invention. 

In this embodiment, a re?ective SOA 110 is used. As a 
result, mirror-1 114 is a highly re?ecting (HR) coated facet 
111 of the SOA gain chip 110 to thereby create the ?rst mirror 
of the laser cavity 112. The other mirror of the laser cavity is 
provided by the re?ective resonant tunable ?lter 200. An 
intracavity lens 130 is used to collimate or collect the light 
from the AR coated facet 115 of the SOA 110 and generally 
form a beam Waist 132 to launch the light into the resonant 
?lter 200 and then couple light from the ?lter 200 back into 
the chip 110. 

In this example, the light output from the laser cavity 112 
can be either or both of light output-1 116 or light output-2 
118. Further, an intra laser cavity tap could alternatively or 
additionally be used. In any of these con?gurations, the light 
output is typically focused and coupled into single mode ?ber, 
polarization maintaining or other polarization controlling 
?ber. 

FIG. 8 illustrates another embodiment in Which an intrac 
avity ?ber 140 is used. This is used to increase the length of 
the cavity 112 to provide tighter longitudinal cavity mode 
spacing. This can improve the smoothness With Which the 
laser is tuned, avoiding mode hopping noise. 

FIG. 9 is a plot of retro-re?ection loss in decibels of a 
Gaussian beam re?ected back onto itself by a 100% mirror as 
a function of the tilt angle betWeen the beam and the mirror. 
Here the Gaussian beam diameter is 40 micrometers (um) and 
the light Wavelength is 1660 nm. This loss corresponds to the 
off-resonance re?ection loss of the tilted re?ective resonant 
?lter, Which can be observed in FIG. 4A, for example. This 
loss has to be su?icient to provide laser isolation from direct 
off-resonant ?lter re?ection. Also, together With the peak of 
the resonant re?ection, this loss de?nes the re?ection ?lter 
peak contrast. Since the re?ection peak is never greater than 
1, or 0 dB, the re?ection loss shoWn in FIG. 9 is the maximum 
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10 
possible re?ective ?lter contrast. Thus to alloW room for 
10-15 dB of ?lter contrast, as Well as suf?cient direct re?ec 
tion isolation, ?lter tilt angles of at least 1.2-2.0 deg. are 
typically desirable. 

FIG. 10 illustrates another embodiment of the tunable laser 
100. It comprises an SOA gain chip 110. This is coupled to an 
optical ?ber 162 via a lens 160. In one embodiment, a distant 
re?ector 164, such as a mirror or a HR coated endface of the 
?ber is used to provide broadband feedback into the laser 100. 
In one embodiment, it can affect the cavity longitudinal 
modes by decreasing their frequency spacing and even push 
the laser into the coherence collapse regime, minimizing 
mode hopping noise. 

The output from the SOA 110 is coupled into the tunable 
resonant ?lter 200, Which de?nes and tunes the operating 
Wavelength of the laser. In the illustrated example, the tunable 
?lter 200 is similar to that disclosed in incorporated patents 
previously listed. 

Speci?cally, the exemplary tunable ?lter 200 is MEMS 
implementation, illustrated here in cross-section, comprising 
a handle Wafer substrate 240. An optical port 250 is formed 
through the handle Wafer 240. An insulating, sacri?cial layer 
242 separates the handle Wafer 240 from a membrane layer 
244. This membrane layer 244 has been HR coated on one 
side to form thereby, in one embodiment, the curved mirror 
212 of the resonant ?lter 200. A spacer 246 is attached to the 
membrane layer 244; this de?nes the ?lter resonant cavity c. 
The spacer also has a highly re?ecting mirror coating that 
functions as the second mirror 210. In the illustrated embodi 
ment, the spacer/mirror has an optical port 250 in it and 
around the optical axis. This optical port decreases the thick 
ness of material along the optical axis to minimize the effect 
of the stray etalon formed betWeen the HR coated mirror 210 
and the opposite spacer surface Which is anti-re?ection 
coated. 
The illustrated MEMS tunable ?lter 200 is electrostatically 

tuned by modulating a voltage betWeen the handle Wafer 
substrate 240 and the membrane layer 244. An increasing 
voltage progressively pulls the membrane of the membrane 
layer 244 toWard the substrate 240 to thereby control or tune 
the optical size of the ?lter’s optical cavity c and thus the 
center frequency of its narroWband re?ection. 

In other ?lter implementations, the size of the optical cav 
ity is controlled via thermal tuning or electro optical tuning. 

In another embodiment, spacers 246 are fabricated from 
Pyrex, instead of silicon or gallium phosphide. 

All of the micro optical components, including lenses 130, 
160, 166, SOA 110, ?lter 200 are preferably mounted on a 
common optical bench B to yield an highly integrated optical 
system. 

Emission from the resonant tunable ?lter 200 can be 
coupled via lens 166 into an output ?ber 168, Which is pref 
erably single mode ?ber or polarization maintain ?ber. 

FIG. 11 illustrates another embodiment. This comprises a 
re?ective SOA 110 having a mirror coating 114. It is optically 
coupled to the tunable resonant ?lter 200 via lens 130. The 
laser output is transmitted through the tunable ?lter 200 and is 
coupled via lens 166 to the output optical ?ber 168, typically 
a single mode optical ?ber or a polarization maintaining 
optical ?ber. 

In this embodiment, an external distant broadband re?ector 
164 is used in some examples in order to loWer the threshold 
for the laser, broaden the laser tuning range, and to minimize 
mode hopping noise, such as by inducing coherence collapse 
or by decreasing the laser cavity longitudinal mode spacing. 

FIG. 12 illustrates another embodiment that includes a 
mechanism for controlling the cavity frequency modes. This 
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embodiment utilizes a cavity length controller 170. Speci? 
cally, a ?rst double angle re?ector 172 and a second retro 
re?ector 174 coordinate to enable the adjustment of the opti 
cal length of the cavity of the laser 100. 

Speci?cally, in the illustrated embodiment, the retro-re 
?ector component 174 moves laterally toWard and aWay from 
the cavity re?ector 172 in order to vary the optical frequency 
of the cavity modes. Thus, by adjusting the cavity length, in 
combination With tuning the tunable ?lter 200, the cavity 
modes can be controlled to overlap the ?lter re?ection band 
and thereby enable continuous or quasi-continuous tunable 
single mode laser operation. 
As illustrated in the embodiment, a re?ective SOA 110 is 

used With the output being taken through the tunable ?lter to 
?ber 168. In this example, a re?ector in the ?ber 168 is 
typically not used although it can be helpful to loWer the 
threshold and broaden the tuning range. 

Generally, there must be a 20% length change in the cavity 
in order to enable the adjustment of the cavity modes to avoid 
mode hopping over 20% Wavelength change tuning range. 

FIG. 13 illustrates another solution the controlling the cav 
ity length. Speci?cally, this embodiment uses a component in 
Which the refractive index (n) can be changed, such as elec 
trically, to thereby function as the cavity length controller 
170. One example of such material is available from Boston 
Applied Technologies, Inc. These are electro-optical, ceramic 
devices that are electrically modulated in order to control the 
refractive index. This alloWs for the optical length of the 
cavity to be modulated. In one embodiment, the cavity length 
is modulated With a high frequency source in order to 
scramble the cavity modes. In another embodiment, it is 
modulated in order to insure that a cavity mode overlaps With 
the re?ection band of the tunable ?lter 200. 

In still another embodiment, a dual membrane mirror 
device can be used as disclosed in US. patent application Ser. 
No. l0/743,238 to Paul Mattackal Verghese, ?led on Dec. 22, 
2003, entitled, “Dual Membrane Single Cavity Fabry Perot 
MEMS Filter”, Which application is incorporated herein in its 
entirety by this reference. In this embodiment, the combina 
tion of the tWo membranes is used to both tune the siZe of the 
tunable ?lter’ s cavity While also tuning the length of the laser 
cavity. 

FIG. 14 illustrates another embodiment of the inventive 
tunable laser. This embodiment uses a combination of tWo 
tunable ?lters 200-1, 200-2. These have advantages in that 
tunable ?lters With relatively smaller but different free spec 
tral ranges are used in combination to adjust the lasing Wave 
length of the cavity. Thus, they can be operated in a vemier 
system to thereby enable broader tuning range operation and 
narroW band operation With tunable ?lters that have relatively 
easier coatings to make. 

FIG. 15 illustrates the tunable laser operation of the inven 
tive tunable external cavity semiconductor laser using the 
inventive re?ective resonant ?lter. The plot shoWs superim 
posed static measured multiple spectra of the inventive tun 
able laser as it Was tuned over 300 nm Wavelength tuning 
range to thereby generate a tunable signal. Also, rapid tuning 
of the laser With scan time of less than 1 second and usually 
less than 100 milliseconds (msec) to 30 msec, or less, across 
the full Wavelength tuning range is obtained When the MEMS 
tunable ?lter voltage is varied. 

Tunable lasers With Wide tuning ranges, such as laser illus 
trated in FIG. 15, can be used for optical spectroscopic mea 
surements; speci?cally for measuring Wavelength dependent 
properties, such as those of articles of interest such as chemi 
cal substances, cellular tissues, and optical components and 
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systems. The light from the article of interest is detected in 
order to resolve a spectroscopic response of the article. 

While this invention has been particularly shoWn and 
described With references to preferred embodiments thereof, 
it Will be understood by those skilled in the art that various 
changes in form and details may be made therein Without 
departing from the scope of the invention encompassed by the 
appended claims. For example, the use of this re?ective reso 
nant tunable ?lter is not limited to tunable lasers but may be 
applied to other applications requiring tunable narroWband 
responses in refection. In this Way, it could be applied to 
applications Where gratings are used. 

Further, the tunable lasers disclosed herein have additional 
applications beyond spectroscopy. These applications 
include: thickness measurements for semiconductor and 
MEMS fabrication/processing, optical coherence tomogra 
phy/re?ectometry, optical component characterization, har 
monic generation, medical probes, and telecommunications 
systems. 
What is claimed is: 
1. A tunable external cavity laser, comprising 
a gain medium for amplifying light Within a laser cavity; 

and 
a resonant tunable ?lter having an angular dependent spec 

tral re?ection response, the tunable ?lter being angled 
relative to the laser cavity providing feedback into the 
laser cavity and the gain medium, the resonant tunable 
?lter being tuned in order to control the laser cavity 
output Wavelength, Wherein the resonant tunable ?lter 
supports multiple spatial modes and the feedback into 
the laser cavity includes at least one higher order spatial 
mode of the resonant tunable ?lter. 

2. A laser as claimed in claim 1, Wherein the gain medium 
is a solid state gain medium. 

3. A laser as claimed in claim 1, Wherein the gain medium 
is a semiconductor gain medium. 
4.A laser as claimed in claim 3, Wherein the semiconductor 

gain medium comprises an edge-emitting gain chip. 
5. A laser as claimed in claim 3, Wherein the gain medium 

comprises a semiconductor optical ampli?er. 
6. A laser as claimed in claim 3, Wherein the gain medium 

comprises a re?ective semiconductor optical ampli?er. 
7. A laser as claimed in claim 1, Wherein the resonant 

tunable ?lter forms one end of the laser cavity. 
8. A laser as claimed in claim 1, Wherein the laser cavity 

includes a length of optical ?ber. 
9. A laser as claimed in claim 1, further comprising a lens 

in the laser cavity for coupling light betWeen the gain medium 
and the resonant tunable ?lter. 
10.A laser as claimed in claim 1, Wherein an angle betWeen 

optical axis of the resonant tunable ?lter and an optical axis of 
the laser cavity is betWeen 0.75 and 3.0 degrees. 

11 . A laser as claimed in claim 1, Wherein an angle betWeen 
optical axis of the resonant tunable ?lter and an optical axis of 
the laser cavity is betWeen 1.25 and 2.0 degrees. 

12. A laser as claimed in claim 1, further comprising a lens 
betWeen the resonant tunable ?lter and an output optical ?ber 
for coupling light exiting the laser cavity into the output 
optical ?ber. 

13. A laser as claimed in claim 1, further comprising a 
cavity length modulator for modulating an optical length of 
the laser cavity. 

14. A laser as claimed in claim 13, Wherein the cavity 
length modulator comprises movable re?ective elements. 

15. A laser as claimed in claim 13, Wherein the cavity 
length modulator comprises electro optical material. 
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16. A laser as claimed in claim 1, further comprising a 19.Alaseras claimedinclaim 17,Whereinthe mirrors have 
second resonant tunable ?lter de?ning another end of the different re?ectivities. 
laser cavity. 20. A laser as claimed in claim 17, Wherein the ratio of the 

17. A laser as claimed in claim 1, Wherein the resonant smaller mirror transmission to the larger mirror transmission 
tunable ?lter comprises tWo opposed mirrors. 5 is less than 0.5. 

18. A laser as claimed in claim 17, Wherein the mirrors have 
substantially the same re?ectivity. 


